KRAS status assessment is mandatory in patients with metastatic colorectal cancer before therapy with antiepidermal growth factor receptor monoclonal antibodies, as KRAS mutations are associated with resistance to this treatment. However, KRAS genotyping may be very challenging in case of poor tumor cellularity, particularly when major tumor regression is achieved in locally advanced rectal adenocarcinomas after radiochemotherapy. We aimed at identifying the most reliable strategy to detect KRAS mutations in such samples. DNA was extracted from 31 surgical specimens with major tumor regression, following manual dissection, and from paired pre-treatment biopsies and analyzed by high-resolution melting. DNA samples displaying altered melting curve shapes were then sequenced. Samples with unmodified melting curves or wild-type sequence were further investigated by using an allele-specific PCR assay (TheraScreen) and laser microdissection (followed by high-resolution melting and sequencing analyses). In the 31 post-radiochemotherapy surgical specimens, seven KRAS mutations were identified by high-resolution melting analysis/sequencing. One additional mutation was detected by the TheraScreen assay and two mutations, including the one identified by the TheraScreen assay, were detected following laser microdissection. Altogether, 9/31 surgical specimens (29%) presented KRAS mutations. In the manually dissected pre-treatment biopsies, 12 mutations (39%) were identified by high-resolution melting analysis and sequencing. No additional mutations were found by using the TheraScreen assay or laser microdissection. These results indicate that, in the case of post-radiochemotherapy surgical specimens of colorectal cancer with low tumor cellularity, pre-treatment biopsies might represent the most cost-effective option for reliable KRAS genotyping. The use of more sensitive assays, such as allelespecific PCR or laser microdissection, can be envisaged but with higher costs and longer delays.
Somatic mutations of the KRAS oncogene are present in B40% of colorectal tumors and are a reliable marker of resistance to therapy with monoclonal antibodies (cetuximab or panitumumab) that target epidermal growth factor receptor (EGFR). [1] [2] [3] [4] [5] [6] [7] Indeed, KRAS mutations result in constitutively active KRAS proteins that lead to continuous activation of the RAS signaling pathway independently of the upstream stimulation by EGFR ligands. As only patients with wild-type KRAS tumors benefit from therapies with anti-EGFR antibodies, accurate determination of the KRAS mutation status is crucial for ethical and economic reasons.
To date, there is no standardized operating procedure for KRAS status determination in the clinical setting, although recommendations have been proposed. [8] [9] [10] [11] Various laboratory-based or commercial KRAS mutation assays are used in the routine practice and the majority of them have been optimized to be compatible with DNA extracted from formalin-fixed paraffin-embedded samples, which represent the most available source of tumor tissue. However, they are characterized by different sensitivity, turnaround time, and cost. [12] [13] [14] [15] Besides the use of robust KRAS testing methods, the selection of the appropriate tissue to be tested is also critical. Particularly, evaluation of the tumor cellularity is essential to guide the interpretation of the molecular data. For instance, false-negative results can occur when the starting sample is contaminated by an important number of non-tumor cells. [16] [17] [18] In the case of metastatic colorectal cancer, poor tumor cellularity is mainly observed when major tumor regression is achieved in locally advanced rectal adenocarcinomas after radiochemotherapy or in liver metastases after chemotherapy. 10, 19, 20 Manual dissection to remove the non-invasive cell components before nucleic acid extraction is a powerful tool for tumor cell enrichment. However, the manual dissection of some specimens with scattered tumor cells, especially after neoadjuvant treatment, or with many inflammatory cells can be challenging. One way to circumvent this issue would be to perform laser capture microdissection. 17, 21 The goal of this study was to determine the most reliable combination of starting material and molecular testing procedures to detect KRAS mutations in challenging cancer samples with poor tumor cellularity. Using a prospective series of samples from patients with locally advanced rectal cancer treated by neoadjuvant radiochemotherapy, we compared the usefulness of laser capture microdissection and manual dissection and three KRAS mutation detection assays with different ranges of sensitivity in pre-therapeutic biopsies and paired adenocarcinomas resected after neoadjuvant radiochemotherapy.
Materials and methods
The experimental protocol of this study is summarized in Figure 1 .
Patients and Tissue Samples
The specimens analyzed in this study were selected from a previously described prospective series. 22, 23 Between November 2005 and May 2008, 71 patients with locally advanced, histologically confirmed rectal adenocarcinoma were recruited in a prospective study conducted at the Val d'Aurelle PaulLamarque Cancer Center in Montpellier. For all patients, informed consent for the use of clinical records and tumor specimens for research purposes was obtained. The protocol was approved by the Saint-Eloi Hospital Ethics Committee (Montpellier, France) for the protection of patients involved in biomedical research.
For all patients, two pre-treatment biopsies were obtained by endoscopy. They were immediately fixed in AFA (ethanol þ formol þ acetic acid) for 12-24 h and then embedded in paraffin. The biopsy with the highest amount of tumor cells was selected for this study. All patients underwent preoperative radiotherapy with concurrent chemotherapy (capecitabine or capecitabine þ oxaliplatin). Surgery was scheduled 6-8 weeks after the completion of the preoperative radiochemotherapy. Surgical specimens were fixed in formalin for 48 h. The whole macroscopic tumor area was isolated and paraffin embedded. Sections were stained with hematoxylin, eosin, and saffron (HES) for histological examination. The tumor response to preoperative radiochemotherapy was semiquantitatively determined according to the tumor regression grading system proposed by Dworak et al. 24 Grading ranged from 0 (no evidence of any treatment effect) to 4 (complete response with no viable tumor cells). Grade 1 corresponded to a dominant tumor mass with obvious fibrosis or mucin, grade 2 to dominantly fibrotic or mucinous changes with few tumor cells or groups, and grade 3 to specimens with very few tumor cells in fibrotic tissue with or without mucous substance. Only grade 2 (n ¼ 15; Figure 2a ) and grade 3 (n ¼ 16; Figure 2b ) specimens, that is, with few or very few tumors cells, were selected for this study.
Manual Dissection and Microdissection of Tissue Samples
HES-stained sections from pre-treatment biopsies and post-radiochemotherapy samples were used to select tumor areas for manual dissection. The regions of interest, that is, those containing tumor cells, were located under a microscope and surrounded with a pen. Ten consecutive adjacent 5 mm-thin sections were then manually dissected by removing the surrounding non-neoplastic components in the selected areas. An additional HESstained section was systematically taken to confirm the presence of tumor cells. HES-stained sections were reviewed by two trained observers to assess the percentage of tumor cells in the selected area. Samples were then ranked in three classes: o20%, between 20 and 50%, and 450% of tumor cells in the dissected area.
If laser capture microdissection was required (ie if no mutation was identified after high-resolution melting and sequencing; see Figure 1 ), 3-10 additional 7 mm-thin serial sections were used. Laser capture microdissection was performed using the PixCell II LCM System and CapSure HS LCM caps (Arcturus Engineering, Mountain View, CA, USA). Tissue sections were deparaffinized before staining with hematoxylin-eosin. Slides were then stored in a desiccated container for at least 15 min before laser capture microdissection. All distinguishable tumor cells or glands present in the studied sections were microdissected ( Figure 3 ). Laser capture microdissection efficiency was assessed by examining the cells present in the cap. Caps were placed in 500 ml microcentrifuge tubes and kept in a box at room temperature until DNA extraction.
DNA Extraction
DNA was extracted using the QIAamp DNA FFPE (manually dissected samples) or the QIAamp DNA micro Kit (laser capture microdissected samples) (Qiagen, Hilden, Germany) according to the manufacturer's protocols. Only DNA extracted from manually dissected specimens was quantified using a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, USA), because DNA extraction from laser capture microdissected samples required a carrier that absorbs at 260 nm, thus preventing adequate quantification.
KRAS Exon 2 Mutation Analysis
High-resolution melting analysis For high-resolution melting screening, an 84-bp fragment from KRAS exon 2 (primers available upon request) was PCR amplified using a Rotor-Gene 6000 instrument (Qiagen) and the LightCycler 480 High-Resolution Melting Master Reaction Mix (Roche Diagnostics, Meylan, France). Reactions were carried out in 20 ml total volume that included 25 ng purified genomic DNA, 10 ml of 2 Â PCR reaction mix, 3.0 mM MgCl 2 and 0.25 mM of each forward and reverse primer. The cycling conditions were as follows: one cycle of 95 1C for 5 min, followed by 50 cycles at 95 1C for 15 s, 63 1C for 25 s with a touchdown program of 0.5 1C/cycle during the first 11 cycles, and 72 1C for 25 s. The melting conditions included one cycle of 95 1C for 1 min, one cycle of 40 1C for 1 min, and one cycle of 65 1C for 2 s, followed by a melt from 65 1C to 95 1C rising at a rate of 0.1 1C per second. All samples were tested in duplicate. High-resolution melting data were analyzed using the Rotor-Gene 6000 software (v1.7). For each sample, normalized melting curves were evaluated, and the studied samples were compared with wild-type controls, consisting of genomic DNA extracted from normal rectal tissues and processed like the specimens of interest in a deduced difference plot.
Sequencing
Bidirectional DNA sequencing for detection of KRAS exon 2 mutations was performed by using two seminested amplicons: one of 245 bp covering the entire KRAS exon 2 region, as previously described, 25 and a shorter one of 164 bp. Moreover, for each KRAS-specific amplification, a second exogenous reaction was simultaneously performed, to avoid false-negative results caused by PCR inhibitors. Then, the cycle threshold (Ct) for each KRAS reaction was determined. Samples with a Ct value of Z35 in the control assay were rejected. Samples were considered to carry a mutation only when the DCt (Ct of control reaction-Ct mutation reaction) value was lower than the value set by the manufacturer.
Results

Contribution of Manual Dissection
To ensure the best ratio of tumor cells to non-tumor cells, all the post-radiochemotherapy surgical specimens and the paired pre-treatment biopsies were manually dissected. Despite a careful selection of the tumor areas, only 13% (4/31) of the surgical specimens displayed 450% of tumor cells in the dissected areas and 68% (21/31) had o20% of tumor cells. Conversely, 55% (17/31) of the pretreatment biopsies had 450% of tumor cells and only 19% (6/31) had o20% of tumor cells (Table 1) .
KRAS Mutation Status of the Pre-Treatment Biopsies
Manual dissection of pre-treatment biopsies allowed the recovery of 1.20±0.85 mg of DNA (mean± standard error of the mean; min: 0.15 mg; max: 3.97 mg) and the completion of all planned analyses. In 2010, KRAS mutation testing in our institute routinely combined manual dissection and highresolution melting analysis followed by sequencing in case of abnormal profile. 26 This strategy allowed the identification of KRAS mutations in 12/31 pretreatment biopsies (39%, 6 Dworak grade 2 and 6 Dworak grade 3). The identified KRAS mutations (and their frequency) were G12D (3/12), G12V (1/12), G12C (2/12), G12S (2/12), G12R (1/12), G13D (1/12), G13C (1/12), and G13R (1/12). The G12A mutation was not detected in this study. Confirmation of the two uncommon KRAS codon 13 mutations (G13C and G13R) was performed by pyrosequencing (data not shown). No additional mutations were found after analysis of the pre-treatment biopsies with a normal high-resolution melting profile or wild-type KRAS status (by bidirectional sequencing) by using the TheraScreen assay or laser capture microdissection.
KRAS Mutation Status of the Post-Radiochemotherapy Rectal Surgical Specimens
Manual dissection of the 31 surgical specimens allowed the recovery of 4.46 ± 4.34 mg DNA (mean ± s.e.m.; min: 0.63 mg; max: 17.03 mg).
Using the same routine procedure as for pretreatment biopsies (high-resolution melting analysis and sequencing), KRAS mutations were identified in 7/31 (23%) post-radiochemotherapy surgery specimens of rectal adenocarcinoma (G12D: 2; G12C: 1; G12S: 2; G12R: 1; and G13D: 1), among which 6 Dworak grade 2 and 1 Dworak grade 3. The 24 tumors in which no mutation was detected were further analyzed by using the TheraScreen KRAS Mutation kit that identified one additional G12D mutation. Moreover, laser capture microdissection followed by high-resolution melting and sequencing allowed the detection of two additional mutations: the G12D mutation identified by the TheraScreen assay (Figure 4 ; Patient A) and one G13C mutation (Figure 4b; Patient B) . Altogether, 9/31 surgical specimens (29%) carried KRAS mutations.
Importantly, each mutation detected in postradiochemotherapy surgical samples was also observed in the corresponding pre-treatment biopsy specimen.
Discussion
KRAS mutation testing is mandatory for the identification of patients with metastatic colorectal cancer who may benefit from treatment with anti-EGFR monoclonal antibodies. However, the best way to determine the KRAS status is still a matter of debate, particularly for samples with low tumor cellularity. The aim of our work was to determine the most reliable combination of starting material and testing methodologies to detect KRAS mutations in rectal adenocarcinoma specimens with important tumor regression following neoadjuvant radiochemotherapy. Comparison of the results obtained in pre-treatment biopsies and post-radiochemotherapy samples using Figure 4 Sanger sequencing of KRAS exon 2 in DNA isolated from manually dissected pre-treatment biopsies (top), manually dissected (middle) or laser microdissected surgical specimens (bottom) of two rectal adenocarcinomas. A p.G12D (*) mutation (Patient A, left panels) and a p.G13C (**) mutation (Patient B, right panels) were identified in the pre-treatment biopsies and in the laser microdissected surgical specimens. Manual dissection of the surgical specimens did not allow the detection of any KRAS exon 2 mutation.
manual dissection or laser capture microdissection and three KRAS mutation detection assays indicates that, in our hands, pre-treatment biopsies and highresolution melting analysis followed by direct sequencing represent the most cost-effective option.
In the routine diagnostic setting, several issues should be considered when performing KRAS genotyping to guide proper treatment selection. First, the genetic heterogeneity of the starting material must be taken into account. Particularly, since the proportion of tumor and non-tumor cells in specimens is highly variable, the percentage of mutant DNA in the DNA isolated from such samples will also be variable. We and others have previously demonstrated the inverse relationship between tumor cell content of a specimen and ability to detect mutations by direct sequencing. 16, 18, 19, 27 Thus, the method used to detect somatic mutations must be sensitive enough to avoid false-negative results, particularly in samples contaminated by non-tumor elements.
A way to increase sensitivity is to limit the dilution of tumor DNA in the background of normal DNA by performing tumor cell enrichment before DNA extraction as recommended in the technical guidelines by the European Society of Pathology and the College of American Pathologists. 11, 28 Manual dissection of formalin-fixed paraffin-embedded tissues is a widely used and powerful tool to enrich the sample with tumor cells. 17, 27 This pre-analytical step is easy to perform, not time consuming and suitable for a routine setting. However, the work by Plesec and Hunt 10 and our study show that manual dissection is insufficient for some samples, such as rectal surgical specimens with a significant tumor regression after radiochemotherapy. Interestingly, in our study, the five discordant post-radiochemotherapy samples were all graded as Dworak 3 , that is, with very few tumor cells in fibrotic tissue or mucous substance, suggesting that tumor cell content is the cornerstone of a reliable mutational analysis. The use of core biopsies in combination with sequencing or allele-specific PCR increases the frequency of detection of KRAS mutations in comparison with whole tissue sections. 29 However, the issue of samples with low tumor cellularity was not specifically addressed with this technique. Another way to increase tumor cell enrichment is to perform a more selective dissection of the scattered tumor cells/glands by laser capture microdissection. 17, 30 In our hands, laser capture microdissection is efficient (two additional mutations were identified), but does not seem to be suitable for a routine setting because it is time-and laborconsuming and, therefore, expensive. In practice, 10-100 min were necessary for microdissecting a sample, depending on its tumor cellularity. Moreover, its availability only in a small number of laboratories precludes its wide use.
Another way to decrease the risk of false wildtype KRAS status in samples with low tumor cellularity would be to use more sensitive KRAS genotyping methods. Many assays with variable sensitivity, specificity, and costs are currently available (reviewed in van Krieken et al 11 ). Due to its exhaustiveness, the multi-step sequencing methodology is the gold standard for the detection of unknown mutations, but it lacks sensitivity. Consequently, more rapid and sensitive methods have been developed and validated, including highresolution melting, 29, 31 allele-specific PCR, 16, 29 and pyrosequencing. 32 Performed before DNA sequencing, high-resolution melting is very attractive because the analysis of the real-time amplification curves allows (i) the calculation of the Ct value that is directly related to the amount of amplifiable DNA and (ii) the identification of heterozygous genetic changes even in samples containing only 10% of mutated cells. 33 In our series of DNA extracted from the manually dissected specimens, all Ct values were o30, whereas higher values were obtained for the paired laser capture microdissected samples (data not shown), suggesting a negative impact of laser capture microdissection on DNA. Concerning the allele-specific PCR assay, the first kit approved for diagnostic purposes was the TheraScreen kit that can detect as few as 1% of mutated alleles in a wild-type background and is a simple 'mix-andmeasure' test. 34 Nevertheless, compared with test based on end point PCR, this real-time PCR approach is more sensitive to potential PCR inhibitors and DNA quality. Moreover, as eight real-time PCR reactions are performed for each DNA to study, the starting amount of material required for mutational status determination may be a limitation. In our series, high-resolution melting, direct sequencing and TheraScreen analysis (when required) were performed for all manually dissected samples. In previous studies, a failure rate of 5-10% was reported for the TheraScreen technology 32 in relation to limited or poor quality material. 35, 36 In our hands, the TheraScreen assay allowed the detection of only one additional mutation in postradiochemotherapy samples that had a mutated high-resolution melting profile but was identified as wild type by direct sequencing. Pre-treatment biopsies, which had higher tumor cell content, did not benefit from this technology. Moreover, if only the TheraScreen assay had been used instead of direct sequencing, 2/12 identified mutations (G13C, G13R) would have been missed, as they do not belong to the panel of mutations targeted by the designed primers. This illustrates the major pitfall of such allele-specific PCR assays.
Another issue to be considered when testing for KRAS mutations is the occurrence of artifactual mutations. Unreliable genotyping can be generated when the starting amount of DNA is low. 37 Artifactual mutations can be observed if nucleotide misincorporation occurs during the first PCR cycle, 38 or if chemical modifications have been induced by formalin fixation. [39] [40] [41] To reduce such artifacts, it is recommended to use a minimum of 1 mg of formalin-fixed paraffin-embedded-recovered DNA and to confirm each identified mutation by an independent analysis. 38, 42 In our practice, manual dissection of pre-treatment biopsies allowed the recovery of an amount of DNA that was enough for our study protocol. Unlike Lamy et al, 42 we did not observe artifactual mutations, even when using small amounts of template DNA. Indeed, when identified, the KRAS mutation was the same in the paired biopsy and surgical specimen, whatever the molecular assay used. The small number of patients and the homogeneous tissue processing might have contributed to the absence of artifacts in our study. In the same way, Ondrejka et al 43 recently reported concordant mutation results in 17 rectal specimens before and after radiochemotherapy. However, their study was designed to address the question of the impact of neoadjuvant treatment on DNA mutation but was not focused on the putative risk of false wild-type tumors linked to poor cellularity. When using laser capture microdissection, minimal amounts of fragmented DNA are obtained and this may restrict the choice of genetic assays. To overcome this limitation, whole genome amplification may represent an attractive option 44 because it does not introduce genotypic changes and might allow the assessment of any potentially mutated region in the genome. 15 Finally, the possible impact of the sensitivity threshold of the KRAS mutation assays should also be considered. Recently, two groups 45, 46 reported that the use of highly sensitive assays (allele-specific PCR with probe inhibiting the amplification of wildtype sequences and pyrosequencing) allowed, as expected, the retrospective identification of additional KRAS mutations in a population of patients previously identified as wild type. Interestingly, among the seven patients with a KRAS mutation detected with these highly sensitive techniques and who received cetuximab-based chemotherapy, five were responders. This finding suggests that the use of very sensitive technologies for KRAS genotyping in the diagnostic setting could lead to exclusion of patients who may benefit from anti-EGFR therapy. Thus, they should be restricted to the analysis of samples with a low proportion of tumor cells. Pyrosequencing-based techniques, such as standard pyrosequencing 47 or pyrosequencing on high-density picoliter plates using the Roche 454 system, 48 allow the determination not only of the mutation but also of the proportion of mutant and wild-type sequences in each sample. It would thus be interesting to determine the threshold below which KRAS mutations do not negatively influence the tumor response to anti-EGFR therapy. For this, the standardization of the pre-analytic phase is required, especially the assessment of the proportion of tumor cells present in the sample used for DNA extraction.
In summary, in this work we investigated the best KRAS mutation testing strategy for samples with low amount of tumor cells. Using rectal post-radiochemotherapy surgical specimens and paired pretreatment biopsies, we show that pre-treatment biopsies represent the best starting material for mutation detection. Thus, we recommend performing a tumor pre-treatment biopsy dedicated to molecular diagnosis before any neoadjuvant treatment. However, if not available, the use of more sensitive assays could help decreasing the risk of false negative (in our series, 25%, that is, 3/12 identified mutated samples). Although laser capture microdissection allowed the identification of additional mutations, it does not appear suitable for a routine setting due to the time required. On the other side, the TheraScreen technology based on allele-specific PCR allows the detection of only a restricted set of common mutations.
To accurately interpret the KRAS testing results for a patient-tailored therapeutic choice, data from the pre-analytical and analytical steps must be considered jointly. Particularly, rigorous quality control and morphologic review of the starting tissues are required to select the more appropriate KRAS genotyping test.
